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Characteriza@on	  of	  NEAs	  provides	  important	  inputs	  into	  models	  for	  
atmospheric	  entry,	  risk	  assessment	  and	  mi@ga@on.	  The	  apparent	  
brightness,	  thermal	  emission	  and	  surface	  composi@on	  are	  observed	  
to	  change	  with	  the	  Sun-‐Target-‐Observer	  phase	  angle.	  Modeling	  the	  
Thermal	  Emission	  yields	  coupled	  parameters	  of	  	  
	  	  	  	  	  	  	  	  	  	  	  Diameter	  D,	  Albedo	  A,	  and	  η	  (IR	  beaming	  parameter).	  	  
	  
We	  discuss	  11.6	  µm	  data	  for	  3691	  Bede	  taken	  at	  α=42.5˚	  from	  UKIRT	  
on	  Mauna	  Kea.	  	  The	  thermal	  flux	  is	  too	  bright	  for	  an	  Albedo	  of	  ~0.6	  
derived	  from	  only	  shorter	  wavelength	  data	  from	  Spitzer	  Warm	  
Mission	  and	  from	  WISE.	  

Characteriza@on	  of	  3691	  Bede:	  	  
Thermal	  Emission	  and	  Diameter,	  Albedo	  

Objec@ve	  &	  Approach	  	  

3691	  Bede	  appears	  from	  UKIRT	  11.6µm	  photometry	  to	  have	  a	  larger	  Deff	  ,	  lower	  albedo	  and	  cooler	  temperature	  (higher	  η)	  than	  
prescribed	  by	  WISE	  data	  and	  by	  Spitzer	  warm	  data.	  	  
Data	  at	  mul@ple	  of	  phase	  angles	  (α)	  and	  heliocentric	  distances	  (r)	  can	  help	  determine	  A,	  η,	  and	  Deff.	  	  
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Spitzer’s	  Albedo	  for	  3691	  Bede	  is	  0.63+0.38/-‐0.28	  
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hazard. NEAs are also representative of small main belt aster-
oids (Binzel et al. 2002). Cellino, Zappalà & Tedesco (2002)
describe how the discovery rate of NEAs is vastly outstrip-
ping their investigation. As of 2008 November, the number
of NEAs with measured diameters and albedos is about 87
(http://earn.dlr.de/nea/table1_new.html) while the total number of
NEAs discovered is over 5800 (http://neo.jpl.nasa.gov/).

Improved statistics of the diameters and albedos of NEAs are
needed for a more accurate derivation of their size distribution,
which is crucial for assessment of the impact hazard and for op-
timizing survey strategies. ‘All estimates of NEA populations and
impact rates are plagued by uncertainties concerning the albedos
of NEAs and hence by the conversions from the observed quan-
tities (magnitudes) to size and energy’ (Morrison 2008). Smaller
NEAs below 1 km particularly need to be characterized; but unfor-
tunately there is a bias against selecting small, low albedo objects,
and succeeding in observing small, high albedo objects at mid-IR
wavelengths. As the number of NEAs with known taxonomic type
increases, so does the requirement for an increase in measurements
of their albedos. If an albedo distribution is derived for each tax-
onomic type it can be used to derive a debiased size distribution.
Stuart & Binzel (2004) have done the first study using albedo statis-
tics from NEAs, obtained from Delbó et al. (2003), which relies on
simple thermal models. However, A, R and U types are still obtained
from main-belt statistics and several values are based on very few
classified objects (for example the D-type complex has one member
with a measured albedo).

Furthermore, trends within taxonomic types may reveal surface
processes. The majority of NEAs with measured albedos are S type.
Delbó (2004) has found a trend of increasing albedo with decreasing
size among S type and interprets it as evidence for space weathering.
Wolters et al. (2008) found a possible trend of increasing beaming
parameter with diameter for small S- and Q-type asteroids. As the
available data for other taxonomic types grow, there may be other
similar trends discovered.

1.3 The radiometric method of diameter determination

Radiometric diameter determination is a powerful method for ac-
quiring the diameters of a large number of objects, and therefore
would be a suitable method for a survey to improve the statistics
of physically characterized NEAs. Thermal models can be fitted to
thermal IR fluxes to derive the size and albedo of an asteroid. The
size is ultimately presented as the effective diameter Deff , the equiv-
alent diameter of a perfect sphere with the same projected area as
the (generally) irregularly shaped asteroid. The albedo is presented
as the geometric albedo pv, the ratio of the visual brightness to that
of a perfectly diffusing ‘Lambertian’ disc of the same diameter. The
bolometric Bond albedo A can be related to pv through

pv = A

q
, (1)

where q is the phase integral (Bowell et al. 1989). For a given
absolute visual magnitude HV, there is a range of possible pv and
hence Deff described by (e.g. Fowler & Chillemi 1992)

Deff (km) = 10−HV/5 1329
√

pv
. (2)

The principle of the radiometric method is described in Morrison
(1973) and Lebofsky & Spencer (1989), with more recent reviews

by Delbó & Harris (2002) and Harris & Lagerros (2002). The en-
ergy balance depends on the projected area and the albedo. Since
the reflected solar component is proportional to A and the thermal
component is proportional to (1 − A), simultaneous measurements
of both can provide a unique Deff and pv via the radiometric method
of diameter determination.

1.4 The near-Earth asteroid thermal model

The NEATM is a modification of the so-called STM which, as out-
lined in Lebofsky et al. (1986), considers the asteroid as a spherical
non-rotating object, with a surface temperature in instantaneous
equilibrium with incoming solar radiation, with a temperature dis-
tribution decreasing from a maximum at the subsolar point (T max)
to zero at the terminator, and no thermal emission on the night side.
The beaming parameter η was introduced to take account of en-
hanced sunward thermal emission due to the surface roughness. In
the STM η = 0.756, calibrated from the occultation diameters of
(1) Ceres and (2) Pallas, and Tmax becomes

Tfit =
[

(1 − A) S0

r2εση

]1/4

, (3)

where S0 = 1374 W m−2 is the solar flux at 1 au, r = distance
from the Sun in au, ε = emissivity (assumed ε = 0.9) and σ =
Stefan–Boltzmann constant.

Harris (1998) introduced the NEATM as an appropriate model
for NEAs, which are often observed at high phase angle and are
thought to have higher surface thermal inertia, as a consequence of
their smaller size in comparison to observable main-belt asteroids
(smaller asteroids may have higher rotation rates and less regolith).
NEATM modifies the STM in two ways. First, it allows η in equa-
tion (3) to be varied until the model fluxes F mod(n) give a best fit to
the observed thermal IR spectrum F obs(n), effectively forcing the
model temperature distribution to show a colour temperature con-
sistent with the apparent colour temperature implied by the data.
Second, it replaces the STM phase angle correction in the same
way as the projected model (e.g. Cruikshank & Jones 1977), which
models the asteroid as a sphere and calculates the temperature on
the surface assuming Lambertian emission and zero emission on
the night side. The projected model is the equivalent of the NEATM
with η = 1 (i.e. with no beaming).

The NEATM temperature distribution is defined by the longitude
θ and latitude φ on the asteroid surface, where θ = 0◦ and φ = 0◦

are at the subsolar point:

T (θ,φ) = 0 for
π

2
≤ θ ≤ 3π

2
,

T (θ,φ) = Tfit cos1/4 θ cos1/4 φ for − π

2
< θ < +π

2

and for − π

2
≤ φ ≤ +π

2
. (4)

The model fluxes F mod(n) are calculated by integrating B[λn, T (θ ,
φ)] over the portion of the asteroid surface visible to the observer:

Fmod(n) =
εD2

eff

4'2

∫ +(π/2)

−π/2

∫ +(π/2)

α−(π/2)
B[λn, T (θ, φ)] cos2 φ cos(α − θ ) dθ dφ,

(5)

where ' = distance to the Earth in au.
Finding an accurate η requires good wavelength sampling of the

thermal continuum, ideally at least four filter measurements over
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hazard. NEAs are also representative of small main belt aster-
oids (Binzel et al. 2002). Cellino, Zappalà & Tedesco (2002)
describe how the discovery rate of NEAs is vastly outstrip-
ping their investigation. As of 2008 November, the number
of NEAs with measured diameters and albedos is about 87
(http://earn.dlr.de/nea/table1_new.html) while the total number of
NEAs discovered is over 5800 (http://neo.jpl.nasa.gov/).

Improved statistics of the diameters and albedos of NEAs are
needed for a more accurate derivation of their size distribution,
which is crucial for assessment of the impact hazard and for op-
timizing survey strategies. ‘All estimates of NEA populations and
impact rates are plagued by uncertainties concerning the albedos
of NEAs and hence by the conversions from the observed quan-
tities (magnitudes) to size and energy’ (Morrison 2008). Smaller
NEAs below 1 km particularly need to be characterized; but unfor-
tunately there is a bias against selecting small, low albedo objects,
and succeeding in observing small, high albedo objects at mid-IR
wavelengths. As the number of NEAs with known taxonomic type
increases, so does the requirement for an increase in measurements
of their albedos. If an albedo distribution is derived for each tax-
onomic type it can be used to derive a debiased size distribution.
Stuart & Binzel (2004) have done the first study using albedo statis-
tics from NEAs, obtained from Delbó et al. (2003), which relies on
simple thermal models. However, A, R and U types are still obtained
from main-belt statistics and several values are based on very few
classified objects (for example the D-type complex has one member
with a measured albedo).

Furthermore, trends within taxonomic types may reveal surface
processes. The majority of NEAs with measured albedos are S type.
Delbó (2004) has found a trend of increasing albedo with decreasing
size among S type and interprets it as evidence for space weathering.
Wolters et al. (2008) found a possible trend of increasing beaming
parameter with diameter for small S- and Q-type asteroids. As the
available data for other taxonomic types grow, there may be other
similar trends discovered.

1.3 The radiometric method of diameter determination

Radiometric diameter determination is a powerful method for ac-
quiring the diameters of a large number of objects, and therefore
would be a suitable method for a survey to improve the statistics
of physically characterized NEAs. Thermal models can be fitted to
thermal IR fluxes to derive the size and albedo of an asteroid. The
size is ultimately presented as the effective diameter Deff , the equiv-
alent diameter of a perfect sphere with the same projected area as
the (generally) irregularly shaped asteroid. The albedo is presented
as the geometric albedo pv, the ratio of the visual brightness to that
of a perfectly diffusing ‘Lambertian’ disc of the same diameter. The
bolometric Bond albedo A can be related to pv through

pv = A

q
, (1)

where q is the phase integral (Bowell et al. 1989). For a given
absolute visual magnitude HV, there is a range of possible pv and
hence Deff described by (e.g. Fowler & Chillemi 1992)

Deff (km) = 10−HV/5 1329
√

pv
. (2)

The principle of the radiometric method is described in Morrison
(1973) and Lebofsky & Spencer (1989), with more recent reviews

by Delbó & Harris (2002) and Harris & Lagerros (2002). The en-
ergy balance depends on the projected area and the albedo. Since
the reflected solar component is proportional to A and the thermal
component is proportional to (1 − A), simultaneous measurements
of both can provide a unique Deff and pv via the radiometric method
of diameter determination.

1.4 The near-Earth asteroid thermal model

The NEATM is a modification of the so-called STM which, as out-
lined in Lebofsky et al. (1986), considers the asteroid as a spherical
non-rotating object, with a surface temperature in instantaneous
equilibrium with incoming solar radiation, with a temperature dis-
tribution decreasing from a maximum at the subsolar point (T max)
to zero at the terminator, and no thermal emission on the night side.
The beaming parameter η was introduced to take account of en-
hanced sunward thermal emission due to the surface roughness. In
the STM η = 0.756, calibrated from the occultation diameters of
(1) Ceres and (2) Pallas, and Tmax becomes

Tfit =
[

(1 − A) S0

r2εση

]1/4

, (3)

where S0 = 1374 W m−2 is the solar flux at 1 au, r = distance
from the Sun in au, ε = emissivity (assumed ε = 0.9) and σ =
Stefan–Boltzmann constant.

Harris (1998) introduced the NEATM as an appropriate model
for NEAs, which are often observed at high phase angle and are
thought to have higher surface thermal inertia, as a consequence of
their smaller size in comparison to observable main-belt asteroids
(smaller asteroids may have higher rotation rates and less regolith).
NEATM modifies the STM in two ways. First, it allows η in equa-
tion (3) to be varied until the model fluxes F mod(n) give a best fit to
the observed thermal IR spectrum F obs(n), effectively forcing the
model temperature distribution to show a colour temperature con-
sistent with the apparent colour temperature implied by the data.
Second, it replaces the STM phase angle correction in the same
way as the projected model (e.g. Cruikshank & Jones 1977), which
models the asteroid as a sphere and calculates the temperature on
the surface assuming Lambertian emission and zero emission on
the night side. The projected model is the equivalent of the NEATM
with η = 1 (i.e. with no beaming).

The NEATM temperature distribution is defined by the longitude
θ and latitude φ on the asteroid surface, where θ = 0◦ and φ = 0◦

are at the subsolar point:

T (θ,φ) = 0 for
π

2
≤ θ ≤ 3π

2
,

T (θ,φ) = Tfit cos1/4 θ cos1/4 φ for − π

2
< θ < +π

2

and for − π

2
≤ φ ≤ +π

2
. (4)

The model fluxes F mod(n) are calculated by integrating B[λn, T (θ ,
φ)] over the portion of the asteroid surface visible to the observer:

Fmod(n) =
εD2

eff

4'2

∫ +(π/2)

−π/2

∫ +(π/2)

α−(π/2)
B[λn, T (θ, φ)] cos2 φ cos(α − θ ) dθ dφ,

(5)

where ' = distance to the Earth in au.
Finding an accurate η requires good wavelength sampling of the

thermal continuum, ideally at least four filter measurements over
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hazard. NEAs are also representative of small main belt aster-
oids (Binzel et al. 2002). Cellino, Zappalà & Tedesco (2002)
describe how the discovery rate of NEAs is vastly outstrip-
ping their investigation. As of 2008 November, the number
of NEAs with measured diameters and albedos is about 87
(http://earn.dlr.de/nea/table1_new.html) while the total number of
NEAs discovered is over 5800 (http://neo.jpl.nasa.gov/).

Improved statistics of the diameters and albedos of NEAs are
needed for a more accurate derivation of their size distribution,
which is crucial for assessment of the impact hazard and for op-
timizing survey strategies. ‘All estimates of NEA populations and
impact rates are plagued by uncertainties concerning the albedos
of NEAs and hence by the conversions from the observed quan-
tities (magnitudes) to size and energy’ (Morrison 2008). Smaller
NEAs below 1 km particularly need to be characterized; but unfor-
tunately there is a bias against selecting small, low albedo objects,
and succeeding in observing small, high albedo objects at mid-IR
wavelengths. As the number of NEAs with known taxonomic type
increases, so does the requirement for an increase in measurements
of their albedos. If an albedo distribution is derived for each tax-
onomic type it can be used to derive a debiased size distribution.
Stuart & Binzel (2004) have done the first study using albedo statis-
tics from NEAs, obtained from Delbó et al. (2003), which relies on
simple thermal models. However, A, R and U types are still obtained
from main-belt statistics and several values are based on very few
classified objects (for example the D-type complex has one member
with a measured albedo).

Furthermore, trends within taxonomic types may reveal surface
processes. The majority of NEAs with measured albedos are S type.
Delbó (2004) has found a trend of increasing albedo with decreasing
size among S type and interprets it as evidence for space weathering.
Wolters et al. (2008) found a possible trend of increasing beaming
parameter with diameter for small S- and Q-type asteroids. As the
available data for other taxonomic types grow, there may be other
similar trends discovered.

1.3 The radiometric method of diameter determination

Radiometric diameter determination is a powerful method for ac-
quiring the diameters of a large number of objects, and therefore
would be a suitable method for a survey to improve the statistics
of physically characterized NEAs. Thermal models can be fitted to
thermal IR fluxes to derive the size and albedo of an asteroid. The
size is ultimately presented as the effective diameter Deff , the equiv-
alent diameter of a perfect sphere with the same projected area as
the (generally) irregularly shaped asteroid. The albedo is presented
as the geometric albedo pv, the ratio of the visual brightness to that
of a perfectly diffusing ‘Lambertian’ disc of the same diameter. The
bolometric Bond albedo A can be related to pv through

pv = A

q
, (1)

where q is the phase integral (Bowell et al. 1989). For a given
absolute visual magnitude HV, there is a range of possible pv and
hence Deff described by (e.g. Fowler & Chillemi 1992)

Deff (km) = 10−HV/5 1329
√

pv
. (2)

The principle of the radiometric method is described in Morrison
(1973) and Lebofsky & Spencer (1989), with more recent reviews

by Delbó & Harris (2002) and Harris & Lagerros (2002). The en-
ergy balance depends on the projected area and the albedo. Since
the reflected solar component is proportional to A and the thermal
component is proportional to (1 − A), simultaneous measurements
of both can provide a unique Deff and pv via the radiometric method
of diameter determination.

1.4 The near-Earth asteroid thermal model

The NEATM is a modification of the so-called STM which, as out-
lined in Lebofsky et al. (1986), considers the asteroid as a spherical
non-rotating object, with a surface temperature in instantaneous
equilibrium with incoming solar radiation, with a temperature dis-
tribution decreasing from a maximum at the subsolar point (T max)
to zero at the terminator, and no thermal emission on the night side.
The beaming parameter η was introduced to take account of en-
hanced sunward thermal emission due to the surface roughness. In
the STM η = 0.756, calibrated from the occultation diameters of
(1) Ceres and (2) Pallas, and Tmax becomes

Tfit =
[

(1 − A) S0

r2εση

]1/4

, (3)

where S0 = 1374 W m−2 is the solar flux at 1 au, r = distance
from the Sun in au, ε = emissivity (assumed ε = 0.9) and σ =
Stefan–Boltzmann constant.

Harris (1998) introduced the NEATM as an appropriate model
for NEAs, which are often observed at high phase angle and are
thought to have higher surface thermal inertia, as a consequence of
their smaller size in comparison to observable main-belt asteroids
(smaller asteroids may have higher rotation rates and less regolith).
NEATM modifies the STM in two ways. First, it allows η in equa-
tion (3) to be varied until the model fluxes F mod(n) give a best fit to
the observed thermal IR spectrum F obs(n), effectively forcing the
model temperature distribution to show a colour temperature con-
sistent with the apparent colour temperature implied by the data.
Second, it replaces the STM phase angle correction in the same
way as the projected model (e.g. Cruikshank & Jones 1977), which
models the asteroid as a sphere and calculates the temperature on
the surface assuming Lambertian emission and zero emission on
the night side. The projected model is the equivalent of the NEATM
with η = 1 (i.e. with no beaming).

The NEATM temperature distribution is defined by the longitude
θ and latitude φ on the asteroid surface, where θ = 0◦ and φ = 0◦

are at the subsolar point:

T (θ,φ) = 0 for
π

2
≤ θ ≤ 3π

2
,

T (θ,φ) = Tfit cos1/4 θ cos1/4 φ for − π

2
< θ < +π

2

and for − π

2
≤ φ ≤ +π

2
. (4)

The model fluxes F mod(n) are calculated by integrating B[λn, T (θ ,
φ)] over the portion of the asteroid surface visible to the observer:

Fmod(n) =
εD2

eff

4'2

∫ +(π/2)

−π/2

∫ +(π/2)

α−(π/2)
B[λn, T (θ, φ)] cos2 φ cos(α − θ ) dθ dφ,

(5)

where ' = distance to the Earth in au.
Finding an accurate η requires good wavelength sampling of the

thermal continuum, ideally at least four filter measurements over
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hazard. NEAs are also representative of small main belt aster-
oids (Binzel et al. 2002). Cellino, Zappalà & Tedesco (2002)
describe how the discovery rate of NEAs is vastly outstrip-
ping their investigation. As of 2008 November, the number
of NEAs with measured diameters and albedos is about 87
(http://earn.dlr.de/nea/table1_new.html) while the total number of
NEAs discovered is over 5800 (http://neo.jpl.nasa.gov/).

Improved statistics of the diameters and albedos of NEAs are
needed for a more accurate derivation of their size distribution,
which is crucial for assessment of the impact hazard and for op-
timizing survey strategies. ‘All estimates of NEA populations and
impact rates are plagued by uncertainties concerning the albedos
of NEAs and hence by the conversions from the observed quan-
tities (magnitudes) to size and energy’ (Morrison 2008). Smaller
NEAs below 1 km particularly need to be characterized; but unfor-
tunately there is a bias against selecting small, low albedo objects,
and succeeding in observing small, high albedo objects at mid-IR
wavelengths. As the number of NEAs with known taxonomic type
increases, so does the requirement for an increase in measurements
of their albedos. If an albedo distribution is derived for each tax-
onomic type it can be used to derive a debiased size distribution.
Stuart & Binzel (2004) have done the first study using albedo statis-
tics from NEAs, obtained from Delbó et al. (2003), which relies on
simple thermal models. However, A, R and U types are still obtained
from main-belt statistics and several values are based on very few
classified objects (for example the D-type complex has one member
with a measured albedo).

Furthermore, trends within taxonomic types may reveal surface
processes. The majority of NEAs with measured albedos are S type.
Delbó (2004) has found a trend of increasing albedo with decreasing
size among S type and interprets it as evidence for space weathering.
Wolters et al. (2008) found a possible trend of increasing beaming
parameter with diameter for small S- and Q-type asteroids. As the
available data for other taxonomic types grow, there may be other
similar trends discovered.

1.3 The radiometric method of diameter determination

Radiometric diameter determination is a powerful method for ac-
quiring the diameters of a large number of objects, and therefore
would be a suitable method for a survey to improve the statistics
of physically characterized NEAs. Thermal models can be fitted to
thermal IR fluxes to derive the size and albedo of an asteroid. The
size is ultimately presented as the effective diameter Deff , the equiv-
alent diameter of a perfect sphere with the same projected area as
the (generally) irregularly shaped asteroid. The albedo is presented
as the geometric albedo pv, the ratio of the visual brightness to that
of a perfectly diffusing ‘Lambertian’ disc of the same diameter. The
bolometric Bond albedo A can be related to pv through

pv = A

q
, (1)

where q is the phase integral (Bowell et al. 1989). For a given
absolute visual magnitude HV, there is a range of possible pv and
hence Deff described by (e.g. Fowler & Chillemi 1992)

Deff (km) = 10−HV/5 1329
√

pv
. (2)

The principle of the radiometric method is described in Morrison
(1973) and Lebofsky & Spencer (1989), with more recent reviews

by Delbó & Harris (2002) and Harris & Lagerros (2002). The en-
ergy balance depends on the projected area and the albedo. Since
the reflected solar component is proportional to A and the thermal
component is proportional to (1 − A), simultaneous measurements
of both can provide a unique Deff and pv via the radiometric method
of diameter determination.

1.4 The near-Earth asteroid thermal model

The NEATM is a modification of the so-called STM which, as out-
lined in Lebofsky et al. (1986), considers the asteroid as a spherical
non-rotating object, with a surface temperature in instantaneous
equilibrium with incoming solar radiation, with a temperature dis-
tribution decreasing from a maximum at the subsolar point (T max)
to zero at the terminator, and no thermal emission on the night side.
The beaming parameter η was introduced to take account of en-
hanced sunward thermal emission due to the surface roughness. In
the STM η = 0.756, calibrated from the occultation diameters of
(1) Ceres and (2) Pallas, and Tmax becomes

Tfit =
[

(1 − A) S0

r2εση

]1/4

, (3)

where S0 = 1374 W m−2 is the solar flux at 1 au, r = distance
from the Sun in au, ε = emissivity (assumed ε = 0.9) and σ =
Stefan–Boltzmann constant.

Harris (1998) introduced the NEATM as an appropriate model
for NEAs, which are often observed at high phase angle and are
thought to have higher surface thermal inertia, as a consequence of
their smaller size in comparison to observable main-belt asteroids
(smaller asteroids may have higher rotation rates and less regolith).
NEATM modifies the STM in two ways. First, it allows η in equa-
tion (3) to be varied until the model fluxes F mod(n) give a best fit to
the observed thermal IR spectrum F obs(n), effectively forcing the
model temperature distribution to show a colour temperature con-
sistent with the apparent colour temperature implied by the data.
Second, it replaces the STM phase angle correction in the same
way as the projected model (e.g. Cruikshank & Jones 1977), which
models the asteroid as a sphere and calculates the temperature on
the surface assuming Lambertian emission and zero emission on
the night side. The projected model is the equivalent of the NEATM
with η = 1 (i.e. with no beaming).

The NEATM temperature distribution is defined by the longitude
θ and latitude φ on the asteroid surface, where θ = 0◦ and φ = 0◦

are at the subsolar point:

T (θ,φ) = 0 for
π

2
≤ θ ≤ 3π

2
,

T (θ,φ) = Tfit cos1/4 θ cos1/4 φ for − π

2
< θ < +π

2

and for − π

2
≤ φ ≤ +π

2
. (4)

The model fluxes F mod(n) are calculated by integrating B[λn, T (θ ,
φ)] over the portion of the asteroid surface visible to the observer:

Fmod(n) =
εD2

eff

4'2

∫ +(π/2)

−π/2

∫ +(π/2)

α−(π/2)
B[λn, T (θ, φ)] cos2 φ cos(α − θ ) dθ dφ,

(5)

where ' = distance to the Earth in au.
Finding an accurate η requires good wavelength sampling of the

thermal continuum, ideally at least four filter measurements over
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The	  beaming	  parameter	  (η)	  is	  a	  non-‐physical	  factor	  in	  the	  
NEATM	  used	  to	  adjust	  the	  sub-‐solar	  point	  temperature.	  
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Figure 3. Temperature distributions produced by the NEATM and NESTM
best-fitting fluxes to a simulated asteroid with ! = 200, pv = 0.25, G = 0.15,
r = 1.0 au, P = 5 h, observed at α = +60◦, i.e. on the afternoon side of
the asteroid (therefore higher thermal inertia NESTM models fit better). (a)
NEATM and NESTM200: for a given latitude there is a constant temperature
on the night side. (b) Equatorial temperatures for NEATM, NESTM40,
NESTM120, NESTM200, NESTM550 and NESTM2200. These correspond
to asteroids with thermal parameter # = 0.234, 0.703, 1.174, 3.251 and
13.081, respectively. The appropriate f parameters are obtained from a look-
up table plotted in Fig. 3 and are f = 0.439, 0.543, 0.584, 0.669 and 0.725,
respectively. It can be seen that there is zero emission on the night side for
NEATM.

simulated surface. The NEATM-derived η are consistent with Delbó
(2004). As the simulated surface increases in thermal inertia, so the
η-value at zero phase angle increases. We have not included beam-
ing (i.e. surface roughness) in our thermophysical model which
would decrease η at low phase angles and increase it at large phase
angles. As the surface type increases in thermal inertia, the max-
imum day side temperature becomes reduced compared to Tmax,
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Figure 4. Synthetic thermal IR fluxes at 10.7 µm for thermophysical model
derived surface temperatures simulating an asteroid with r = 1.0 au, P =
5 h and four different thermal inertias !, ‘observed’ at a range of different
phase angles on the afternoon side (+α) and on the morning side (−α).
Note how for ! = 550 and 2200 J m−2 s−1/2 K−1 the α = +30◦ fluxes are
actually higher than at α = 0◦ due to thermal lag (cf. Fig. 4).

conserving energy as more thermal flux comes from the night side.
In the modified projected model this reduced maximum day side
temperature T mod was calculated (Section 1.4) but in the NEATM
and NESTM the observed temperature is effectively measured. As
a result the best-fitting η increases.

The NESTM40, NESTM120 and NESTM200-derived η values
are relatively constant as a function of phase angle, therefore, in-
cluding appropriate thermal emission on the night side has the ef-
fect of reducing the increase of η. (If beaming were included in
the model, the η values would still increase to compensate for the
enhanced thermal emission in the Sunward direction, which would
no longer be observed at larger phase angles.) The behaviour of the
best-fitting η is quite complex. While the NEATM was inaccurate in
not introducing night side thermal flux, NESTM forces a particular
amount of thermal flux from the night side. The more night side flux
is introduced the less the fitted maximum day side temperature Tfit

has to be reduced in order to account for the fact that the observed
day side temperature is lower than Tmax.

For high thermal inertia versions of NESTM fitted to low ther-
mal inertia surfaces, very high best-fitting η can be derived at high
phase angles. An extreme case is NESTM550 at α = −120◦, which
gives η = 4.3. This behaviour does not seem to especially af-
fect the accuracy of the fitted diameter (%Deff = −19 per cent)
which is much closer to the true value than for NEATM (%Deff =
+117 per cent). The reason for these strange results is that at such a
high phase angle, there are many more surface elements from both
the night side and the day side with temperatures replaced by f T max

cos1/4 φ, than there are elements fitted by η, and so the isothermal
latitude FRM begins to fit the observed fluxes better.

3.2 Testing on real asteroid spectra

The thermal IR fluxes of (33342) 1998 WT24 reported by Harris
et al. (2007) are a useful test of NESTM because the same aster-
oid is observed over a range of high phase angles (60◦–93◦). You
would expect NEATM to increasingly overestimate the diameter,
while NESTM diameters should be more consistent as the phase
angle increases, which is the case (Fig. 8). Because (33342) 1998
WT24 has been observed by radar (Zaitsev et al. 2002), constraints
on its shape and pole orientation make it suitable for deriving a
diameter with a thermophysical model. This was done by Harris
et al., who obtained Deff = 0.35 ± 0.04 km, pv = 0.56 ± 0.2 and
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A	  thermal	  model	  with	  Night	  Emission	  may	  be	  the	  next	  step	  in	  modeling.	   	  NESTM	  
was	   used	   to	   predict	   the	   uncertain@es	   in	   Diameter	   for	   a	   1km	   Diameter	   NEA	   at	  
heliocentric	  distance	  of	  1	  AU.	   	   If	  the	  Thermal	   Iner@a	  assumed	  is	  close	  to	  actual,	  
then	  the	  Diameter	  derived	  is	  closer	  to	  1	  km.	  
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Figure 5. Variation of model diameters with phase angle, observed on the
afternoon side (+α) and the morning side (−α), fitting to thermophysical
model derived thermal IR fluxes for an asteroid with pv = 0.25, Deff =
1.0 km, P = 5 h at r = 1.0 au. The NEATM and five different NESTM
versions are fitted (resulting in applying f ≈ 0.439, 0.543, 0.584, 0.669
and 0.725, respectively, although f varies depending on the best-fitting
pv). Asteroid surface with (a) " = 40, (b) 120, (c) 200, (d) 550 and (e)
2200 J m−2 s−1/2 K−1.

" = 100–300 J m−2 s−1/2 K−1. As can be seen, NESTM agrees with
this derived diameter better than NEATM, increasingly so at higher
phase angles. We note that the FRM also fits well.

We can derive NESTM diameters for a number of objects whose
diameters have been determined independently by radar. Delbó
(2004) performed a similar study for NEATM using a data set
containing 10 objects (23 total spectra, nine with default η) and
found NEATM overestimated the diameter by +8 ± 4 per cent.
We performed the same analysis on the same data for NESTM and
found NESTM200 gave 0 ± 4 per cent (Wolters 2005).

Here we present a comparison using a wider data set of 18 objects
(62 spectra, 38 with default η). The results for NEATM, FRM and
NESTM200 are shown in Tables 2–4.We have derived NESTM
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Figure 5 – continued
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Table 1. Look-up table for f parameter.

Thermal f Thermal f
parameter ! parameter parameter ! parameter

0.058 0.326 1.133 0.584
0.065 0.334 1.266 0.594
0.075 0.345 1.462 0.607
0.082 0.351 1.602 0.615
0.092 0.360 1.791 0.624
0.106 0.371 2.068 0.636
0.116 0.379 2.312 0.644
0.130 0.388 2.532 0.651
0.150 0.400 2.831 0.659
0.168 0.409 3.203 0.668
0.184 0.417 3.269 0.669
0.206 0.426 3.581 0.675
0.238 0.439 4.004 0.681
0.260 0.447 4.135 0.683
0.291 0.457 4.530 0.688
0.304 0.461 4.623 0.689
0.318 0.465 5.065 0.694
0.336 0.470 5.663 0.699
0.353 0.475 5.848 0.700
0.376 0.481 6.406 0.704
0.412 0.489 7.163 0.708
0.439 0.495 8.008 0.712
0.460 0.500 8.271 0.713
0.485 0.505 9.247 0.716
0.515 0.510 10.129 0.719
0.550 0.516 11.325 0.722
0.582 0.522 13.077 0.725
0.594 0.524 14.325 0.726
0.651 0.532 16.016 0.728
0.728 0.543 18.494 0.730
0.801 0.552 22.650 0.732
0.895 0.562 32.032 0.733
1.034 0.576

distance " (au), phase angle α, ‘instrument’ wavelengths λobs(n).
The λobs were set at filter wavelengths equivalent to a range of
narrow-band filters typically used for sampling a wide range of
wavelengths: 4.8, 8.0, 8.9, 10.7, 11.7, 12.5 and 20.0 µm, i.e. one
M- and Q-band measurement and five N-band measurements. The
asteroid diameter Deff was set to 1.0 km, and " = 0.2 au. The output
flux is determined from the temperature array by integrating the
blackbody function over the visible surface, i.e. over all latitudes,
and for the 180◦ of longitude in the temperature distribution that
would be visible depending on the phase angle:

Fobs (n) = εD2
eff

4"2

∫ +(π/2)

−π/2

∫ α+(π/2)

α−(π/2)
B [λn, T (θ, φ)]

× cos2 φ cos(α − θ ) dθ dφ. (13)

The phase angle was varied for each asteroid and was set to
α = 0◦, ±30◦, ±45◦, ±60◦, ±75◦, ±90◦, ±105◦ and ±120◦. The
resulting thermal IR fluxes at 10.7 µm for each simulated surface
are given in Fig. 4. The direction of the phase angle, i.e. whether the
cooler morning side of the asteroid or the warmer afternoon side is
being observed, is important. If we input negative α in equation (13)
we can obtain a second set of results for the cooler morning side.
This analysis assumes the extreme case of the pole orientation at
90◦ to the solar direction. In this geometry the effects of significant
thermal inertia are at their greatest. If the spin axis is pointing
towards the Sun, then no part of the day side is rotated on to the
night side, there is no emission on the night side, and the NEATM
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Figure 2. Surface temperatures derived suing the thermophysical model
with A = 0.09815, P = 5 h, r = 1 au: (a) ( = 200, (b) equatorial surface
temperatures derived for a range of values of thermal inertia. As ( increases,
the maximum day side temperature decreases and the night side temperature
increases.

is the appropriate model. In between, there is a gradation between
the two cases.

The NEATM and NESTM were best fitted to the thermal IR
fluxes. HV was set to 17.122 77 consistent with the test asteroid’s 1-
km diameter, following equation (2) (so we assume perfect precision
in the optical observations). The derived effective diameters Deff are
shown in Fig. 5. The f parameters used for the different NESTM
solutions varied only slightly from those given in the caption for
Fig. 3, as the best-fitting pv altered. The NEATM relative errors from
the true diameter are consistent with the results of Delbó (2004),
who performed a similar test to assess NEATM.

If we contrast the results with different surface thermal inertias
observed between 45◦ and 75◦ phase angle (Fig. 6), we can see
that on the afternoon side a range of different versions of NESTM
produce more accurate diameters than NEATM. However, on the
morning side, if the simulated asteroid surface has low surface ther-
mal inertia, then NEATM is more accurate. We find that NESTM200
produces the most improved accuracy of diameter estimation over
the greatest range of asteroid surfaces. Note that Delbó et al. (2007)
found that NEAs have an average surface thermal inertia of 200 ±
40 J m−2 s−1/2 K−1 from a sample size of range 0.8 to 3.4 km di-
ameter, and also that there is a trend of increasing thermal inertia
with decreasing size. Therefore, NESTM200 should be suitable for
km-sized NEAs and smaller.

Fig. 7 shows the variation of beaming parameter η with phase
angle α for NEATM and NESTM for the ( = 200 J m−2 s−1/2 K−1
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Diameters	  derived	  at	  low	  phase	  angles	  (α	  ≤20˚)	  are	  
less	  affected	  by	  models	  and	  model	  parameters.	  

3691	  Bede:	  Thermal	  Emission	  is	  modeled	  to	  derive	  Diameter	  
UKIRT	  11.6	  µm	  photometry	  of	  3691	  Bede	  was	  
obtained	  at	  2	  epochs,	  and	  at	  two	  wavelengths:	  
2015	  Apr	  13	  	  	  alpha≈42.5˚	  122	  ±	  13	  mJy	  11.6µm	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  72	  ±	  12	  mJy	  	  8.8µm	  
The	  flux	  is	  higher	  than	  WISE	  would	  predict,	  so	  
the	  Albedo	  is	  lower	  and	  eta	  &	  Diameter	  larger.	  

11.6µm	  

Figure	  1	  from	  ExploreNEOs.	  V.	  Average	  Albedo	  by	  Taxonomic	  Complex	  in	  the	  Near-‐Earth	  Asteroid	  Popula@on	  
C.	  A.	  Thomas	  et	  al.	  2011	  The	  Astronomical	  Journal	  142	  85	  doi:10.1088/0004-‐6256/142/3/85	  
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